The passive southern margin of the Australian continent contains a rich record of late Miocene-Pliocene neotectonic deformation and uplift that continues to the present day as witnessed by unusually high levels of seismicity for a so-called 'stable continental region'. To date however, few studies have sought to estimate the magnitude of exhumation triggered by this deformation and uplift. Here we combine apatite fission track analysis (AFTA), apatite (U-Th)/He dating and vitrinite reflectance (VR) data from the Nerita-1 well in the Torquay sub-basin with seismic reflection data from this basin and the adjoining Otway Ranges to constrain the magnitude and driving mechanisms of exhumation in this part of the southern Australian margin. The Cenozoic succession in this basin has been deformed by folding and reverse faulting and contains a major, low-angle mid-Miocene unconformity that can be traced for distances of ~1500 km along the margin.
INTRODUCTION
There is growing recognition that many 'passive' continental margins around the world have experienced significant intraplate deformation and uplift subsequent to their formation (Doré et al. 2002; Holford et al. 2009a) . The thick successions of syn-and post-rift sedimentary rocks that accumulate during and after continental breakup, combined with the constraints on crustal structure provided by seismic data acquired during hydrocarbon exploration, make such margins superb natural laboratories for studying the driving forces and mechanics of intraplate deformation.
One such passive margin that has witnessed appreciable post-rift intraplate deformation is the southeastern Australian continental margin (Hill et al. 1995; Dickinson et al. 2002; Hillis et al. 2008a) (Célérier et al. 2005) . In southwest Victoria, the remnants of early Pliocene strandlines that developed when sea levels were ~65 m higher than present-day levels now occur at elevations of ~180 m ASL, indicating >100 m of post-early-mid Pliocene uplift (Sandiford et al. 2004; Wallace et al. 2005) .
A further expression of this neotectonic activity is a widespread, low angle (<1-5°) tectonic unconformity close to the Miocene-Pliocene boundary that can be traced for ~1500 km from the Gulf St Vincent and Murray Basins in the west to the Otway and Gippsland Basins in the east (Dickinson et al. 2002) . Despite the significant recent advances in understanding the neotectonic record of southeastern Australia, there have been relatively few efforts to quantify the amount of exhumation resulting from this intraplate deformation (e.g. Cooper & Hill 1997; Green et al. 2004) , and in particular, the amount recorded by this unconformity. Here we present apatite fission track analysis (AFTA), apatite (U-Th)/He and vitrinite reflectance (VR) data from exploration wells in the Torquay-sub basin (TSB) of the eastern Otway Basin (Figure 2 ), where numerous Miocene-Quaternary reverse faults and folds have been identified and the Miocene-Pliocene unconformity is well developed (e.g. Dickinson et al. 2002) . We also present seismic data that help constrain the mode of intraplate deformation in the Torquay sub-basin and the adjacent Otway Ranges. We conclude by discussing the driving forces responsible for this deformation and the implications of our findings for the ongoing debate regarding the timing and origin of uplift in the southeastern Highlands.
GEOLOGY OF THE TORQUAY SUB-BASIN
The TSB represents the mostly offshore extension of the eastern Otway Basin (the 5-7 km thick Basin Deep and 2-5 km thick Snail Terrace; Trupp et al. 1994) . It is bounded to the northwest and southeast by the Otway Ranges and Mornington Peninsula, respectively, two NE-SW-trending structural highs that witnessed compression, uplift and exhumation during both the mid-Cretaceous and late 4 Cenozoic (Dickinson et al. 2002; Green et al. 2004) . The TSB contains a series of late Cenozoic NE-SW-trending anticlines (Trupp et al. 1994) . The stratigraphy of the basin is constrained by three exploration wells (Figure 2 ; Nerita-1, Snail-1 and Wild Dog-1), but many more wells have tested similar successions in the onshore eastern Otway Basin.
The basement to the TSB comprises Lower Paleozoic metasedimentary and volcanic rocks that are overlain by largely non-marine Upper Jurassic-Lower
Cretaceous Otway Group, whose thicknesses demonstrate strong control by normal faults (Messent et al. 1999) . All wells in the TSB bottom out in the Barremian-Albian Eumeralla Formation (Figure 3 ), a thick sequence of volcanogenic sandstones deposited in fluvial channels, and finer grained inter-channel sandstones, mudstones and shales (Duddy 2003) . The volcanogenic clastic rocks were largely derived from contemporaneous dacitic volcanism (Duddy 2003). A major stratigraphic break at the top of the Eumeralla Formation records a regional uplift and exhumation episode, constrained by AFTA studies as beginning between 100 and 95 Ma that affected large areas of southern and eastern Australia (Duddy 1994 (Duddy , 2009 Hill et al. 1995) .
AFTA and VR data from onshore wells such as Anglesea-1 and Olangolah-1 indicate erosion of up to 2-3 km of additional Eumeralla Formation section from the Otway Ranges during this episode (Green et al. 1995 (Green et al. , 2004 Cooper & Hill 1997) .
The non-marine Campanian-early Eocene Eastern View Group overlies the Otway Group (Figure 3 ), above an unconformity that represents a time gap of at least 20 Myr (Messent et al. 1999 A widespread, low angle (generally <1-5°) unconformity separates variably folded Torquay Group sediments from overlying Pliocene-Holocene sediments (Dickinson et al. 2002) . It is observed in the Gulf St Vincent, Murray, Otway, Port
Phillip and Gippsland basins (Dickinson et al. 2001 (Dickinson et al. , 2002 and is imaged by seismic data in the TSB (Figure 4 ). In all basins around southeast Australia, the underlying Miocene strata have been subjected to folding, faulting or erosion, and thus a change in eustatic sea level or climate cannot be invoked to explain its origin (Dickinson et al. 2002) . The unconformity is most pronounced adjacent to the uplifted Otway and Strzelecki Ranges and becomes conformable in distal offshore locations (Dickinson et al. 2002) . Its age is best constrained in the central Otway Basin (e.g. the Muddy
Creek-Grange Burn area) and Port Phillip Basin (near Geelong) where foraminferal assemblages and strontium isotope ages from mollusc fauna indicate ages of ~10
Ma for late Miocene sediments underlying the unconformity and ~5 Ma for early Pliocene sediments that overlie it (Dickinson et al. 2002; McGowran et al. 2004 ).
There is abundant evidence for deformation of Miocene sediments by folding and reverse faulting around the TSB, broadly coeval with the timing of the unconformity (Dickinson et al. 2001 (Dickinson et al. , 2002 . Based on extrapolation of reflectors on depth-converted seismic lines, Dickinson et al. (2002) (assuming a seabed temperature of 15°C).
We performed AFTA on two Eumeralla Formation (Otway Group) samples 
Basic results
Fission track sample GC628-36 has a pooled fission track age of 112.5 ± 7.1
Ma, and GC628-19 has a central fission track age of 116.9 ± 17.1 Ma ( Figure 5a , Table 1 ). Both fission track ages are consistent with Aptian-Albian depositional ages, whilst the broad range of Cl compositions in apatite grains from these samples is typical of the Eumeralla Formation (Green et al. 1986 ). The measured fission track ages of GC628-36 and GC628-19 are similar to those expected on the basis of the DTH, although the latter sample contains several single grain ages that are younger than expected, providing direct evidence for this sample having cooled from higher paleotemperatures in the past. The mean track lengths for samples GC628-36 and GC628-19 are 12.85 ± 0.18 μm and 11.65 ± 0.18 μm, respectively. Both of these measured track lengths are shorter than expected on the basis of the DTH and can only be explained by these samples having experienced higher temperatures after deposition. evidence for a regional unconformity of mid-Eocene age (Trupp et al. 1994; , it is probable that Nerita-1 experienced at least three significant exhumation episodes during the Cretaceous-Cenozoic.
Measured (U-

REGIONAL CONSTRAINTS ON THE TIMING AND MAGNITUDE OF LATE MIOCENE EXHUMATION
Integration of AFTA, apatite (U-Th)/He and VR data from Nerita-1 provides precise constraints on the amount of erosion associated with the Miocene-Pliocene unconformity in the TSB (Figure 10 ). Based on extrapolation of seismic reflectors around the Nerita anticline, Dickinson et al. (2002) estimated that ~400 m of late Miocene and younger section has been removed from this location. This value is less than half of the 940 to 1260 m of removed Puebla Formation estimated in this study.
Typical Puebla Formation lithologies include calcareous silts, clays and marls, and grey silty marls crop out at seafloor at Nerita-1 (Abele et al. 1988 Green 1989; Hillis 1991 Hillis , 1993 were often regarded with scepticism by workers who considered the required amounts of missing section to be incompatible with the preserved stratigraphic record in these regions (e.g. We have used our estimate of removed section to place some constraints on late Miocene-Pliocene denudation rates in this part of the southern Australian margin. Figure 11 shows two ranges of estimates of denudation rates at Nerita-1. ).
In Figure 12 we compile all available estimates of late Miocene-Pliocene 
SEISMIC CONSTRAINTS ON THE MODE OF INTRAPLATE DEFORMATION
To identify the processes responsible for the late Miocene-Pliocene exhumation we conducted structural mapping of 2D seismic reflection profiles from the TSB and north of the Otway Ranges. The TSB seismic data are from the PGS Southern Australian Margin Digital Atlas (SAMDA) project. We supplemented these offshore data with several additional onshore profiles located to the northwest of the Otway Ranges provided by DPI Victoria. 
DISCUSSION
The southeastern part of the southern Australian continental margin has been undergoing mild intraplate deformation since at least the late Miocene-early Pliocene (10 to 5 Ma; Dickinson et al. 2002; Sandiford et al. 2004) . We have shown that exhumation associated with the regional (~1500 km wide) unconformity that marks the probable inception of this phase of ongoing tectonic activity locally exceeds 1 km in the TSB, and that deformation and exhumation in this part of the margin has been largely accomplished by reactivation of syn-rift normal faults under horizontal compression. 
Figure 10
Chronostratigraphic chart for the Neogene of SE Australian basins (modified after Abele et al. 1988 and Dickinson et al. 2001) indicating the lateral extent of the late Miocene-early Pliocene unconformity, compared with temporal constraints on the timing of cooling from AFTA and apatite (U-Th)/He data from Nerita-1 and major contemporaneous tectonic events across SE Australia and the Indo-Australian plate (Dickinson et al. 2002) . 
